Introduction {#s1}
============

Type 1 diabetes (T1D) is caused by the infiltration of islet antigen--specific autoreactive T cells into the pancreatic islets and autoimmune-mediated destruction of insulin-producing β-cells. In nonobese diabetic (NOD) mice, a loss of tolerance to islet self-antigens occurs spontaneously early in life, and the early peri-insulitis and later intraislet insulitis caused by lymphocyte infiltration are well-known characteristics that represent human T1D. However, the reason for the loss of tolerance to islet antigens and the activation of autoreactive T cells is still unknown. In the absence of lymphocyte infiltration, islet physiological abnormalities including vascular pathology ([@B1]) and increased β-cell endoplasmic reticulum stress ([@B2]) are detectible in the NOD strain. Also, inflammatory cytokines are upregulated first in the islets before they are detected systemically ([@B3]). These suggest that the early inflammatory triggers are present in the pancreas. Consequently, these cytokines and other cytolytic components may lead to β-cell death and the release of the islet antigens required for priming the autoreactive T cells ([@B4]). Therefore, understanding the cellular composition of islets and their functional relationships with insulin production and inflammation are of the utmost importance in order to identify the initial triggers for the lymphocyte activation and infiltration in islets. Peri-islet Schwann cells have been suggested as the early autoimmune targets associated with the initial peri-insulitis ([@B5]), and the presence of autoreactive T cells specific for Schwann cell antigens have been reported ([@B6]). Islet endothelial cells are essential for revascularization of islet transplants and are also believed to contribute to the early phase of T1D, possibly via facilitating the entry of lymphocytes into the islets ([@B7]). In addition, lymphatic vessel endothelial cells are required for islet inflammation ([@B8]). Interestingly, some islet-derived fibroblast-like cells can expand in culture, and these cells do not originate from β-cells and have characteristics of mesenchymal stem cells (MSCs) ([@B9],[@B10]), which have potent immune regulatory functions. Thus, instead of endocrine cells, islet precursor and/or stromal cells might be the key elements triggering the local inflammatory responses in the islets and thus β-cell--specific autoimmunity.

Exosomes (EXOs) are small-sized (30--100 nm), biologically active entities that are secreted as microvesicles by many different types of cells ([@B11]). EXOs can be found in body fluids, including blood, saliva, breast milk, urine, and bronchoalveolar lavage fluid, under physiological or pathological conditions ([@B12],[@B13]). They are stable structures, due to enriched lipid raft, cholesterol, and sphingomyelin ([@B14],[@B15]), and can be isolated from body fluids frequently by ultracentrifugation or density gradient centrifugation. Exosomal proteomics has been a subject of interest in recent research ([@B16]). Presumably, novel disease biomarkers unique to EXOs and/or their cellular origins might be identified in biological fluids. The molecular pathway of EXO biogenesis is unclear, but it is believed to share a common pathway involving the formation of multivesicular bodies ([@B17]). Multivesicular bodies can fuse with plasma membrane, releasing EXOs into the extracellular space, or can fuse with lysosomes for degradation ([@B11]).

EXOs may display immunostimulatory or immunoregulatory functions ([@B11],[@B12],[@B18]). Vaccination with tumor antigen-loaded EXOs resulted in tumor rejection in an antigen-specific manner ([@B19]). Intriguingly, tumor-derived EXOs also activate regulatory T cells ([@B20],[@B21]). We have studied immune responses in an autoimmune-prone condition in NOD mice, in which effector rather than regulatory T cells are preferentially generated. This approach may lead to further understanding why EXOs function in both immunostimulation and immunoregulation. We have demonstrated that insulinoma-released EXOs contain candidate diabetes-causing autoantigens that may stimulate autoreactive T cells in NOD mice ([@B22]). We also observed that these EXOs could stimulate autoreactive marginal zone-like B cells accumulated in prediabetic NOD mice ([@B23]). In this study, we demonstrate that cultured islet MSC--like cells (iMSC) can produce immunostimulatory EXOs that can activate autoreactive T cells and B cells in NOD mice. We propose that abnormal or excess EXOs released by these MSC-like precursor cells in islets may trigger tissue-specific autoimmunity in the NOD mouse strain.

Research Design and Methods {#s2}
===========================

Mice {#s3}
----

NOD/ShiLtJ (NOD), NOD.mip-green fluorescent protein (GFP) (stock \#008173), and C57BL/6J (B6) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). NOD.Thy1.1^+^.BDC2.5 (BDC2.5) transgenic mice were provided by Linda Sherman of the Scripps Research Institute (TSRI; La Jolla, CA). All different mouse strains were maintained as inbred strains at the animal facility of the Torrey Pines Institute for Molecular Studies. Splenocytes from the NOD.*MyD88*^−/−^ mouse strain were provided by Li Wen of Yale University (New Haven, CT). Splenocytes from B6.*lpr*^−/−^.Unc93b1 *3d* mutant and B6.*lpr*^−/−^ mouse strains were provided by Dwight Kono of TSRI. Experimental protocols were conducted with approvals from the Ethical Review Committee of Torrey Pines Institute for Molecular Studies.

Isolation and Expansion of iMSC {#s4}
-------------------------------

Individual islets of NOD or B6 mice (8--10 weeks old) were handpicked after internal digestion of pancreata with collagenase (0.46 mg/mL) ([@B24]). A minimum of four mice per group was used for the islet isolation, and a total of 300--500 islets was collected. Islets were seeded on cell culture flask with complete high-glucose Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% FCS, 100 units/mL penicillin, 100 µg/mL streptomycin, 6 mmol/L [l]{.smallcaps}-glutamine. During the first week of culture, cells from the islets were released and adhered on the plastic. To remove serum EXOs, FCS was diluted in DMEM (1:1 volume) and precentrifuged at 100,000*g* for 90 min. For flow cytometry analysis, freshly isolated islets were digested by 0.25% trypsin-EDTA for 2 min at 37**°**C followed by pipetting to produce single cells for antibody staining. Cultured iMSC were detached by 0.25% trypsin-EDTA (3--5 min) and analyzed by flow cytometry for surface molecules.

EXO Preparation {#s5}
---------------

A homogenous (≥90%) iMSC population was achieved after two passages, and culture supernatant was collected in the following passages until the 10th passage. Culture supernatants were harvested every 3 days while the iMSC were growing in the 150-cm^2^ flasks. After reaching confluence (80%), trypsin was applied and one-third of cells were inoculated back to allow growth for next passage. The supernatants were centrifuged at 300*g* for 20 min, followed by 10,000*g* for 20 min at 4°C. EXOs were collected by spinning the final supernatant in an ultracentrifuge (Sorvall Discovery 90SE; Hitachi) at 100,000*g* for 60 min. After washing once with an equal volume of PBS, the EXO pellet was resuspended in PBS (1:200 concentrated from the original volume of culture supernatant). Protein concentration was determined by Bradford assay (Bio-Rad, Hercules, CA). One liter of culture supernatant from an iMSC cell line yields 0.5--1.0 mg of EXOs.

Flow Cytometry and Intracellular Interferon-γ Staining {#s6}
------------------------------------------------------

Flow cytometry analysis was performed on a FACScalibur flow cytometer (BD Biosciences). Fluorescent antibodies against CD105-Biotin or CD105-Alexa Fluor 488 (clone MJ7/18), stem-cell antigen-1 (Sca-1)-Biotin (D7), and CD31-Biotin (MEC13.3), CD31-fluorescein isothiocyanate (390), and CD81-phycoerythrin (PE) (Eat-2) were purchased from BioLegend (San Diego, CA). CD44-fluorescein isothiocyanate (FITC) (1M7), CD45-PE (30-F11), and CD90.2-PE (53--2.1) were purchased from BD Biosciences (San Jose, CA). Common antibodies for IgM, B220/CD45R, and CD4 were from BD Biosciences or eBioscience (San Diego, CA). For staining intracellular interferon-γ (IFN-**γ**), a single-cell suspension of mouse splenocytes were stimulated with anti-CD3/28--coated beads (Invitrogen, San Diego, CA) (cell:bead = 1:1) for 3 h in the presence of Brefeldin A (10 µg/mL) followed by surface staining with anti-CD4. After fixation and permeabilization with Cytofix/Cytoperm solution (BD Biosciences), cells were stained with anti--IFN-γ-PE (BD Biosciences) and analyzed by FACScalibur flow cytometer.

Cytometric Bead Array Cytokine Assay {#s7}
------------------------------------

A cytometric bead array (CBA)--based flow cytometry method (BD Biosciences) was used to analyze the following six different cytokines or chemokines: interleukin (IL)-6, IL-10, MCP-1, IFN-**γ**, tumor necrosis factor-α, and IL-12p70, according to the manufacturer's protocol. The concentration was extrapolated from the standard curves by testing with the respective recombinant proteins of each cytokine or chemokine.

Carboxyfluorescein Succinimidyl Ester Cell Proliferation Assay {#s8}
--------------------------------------------------------------

Total splenocytes (10^7^ cells/mL PBS) were labeled with 5 μmol/L carboxyfluorescein succinimidyl ester (CFSE) (Sigma-Aldrich, St. Louis, MO) at 37°C for 10 min, and then cultured in a 96-well flat bottom plate at 8 × 10^5^ cells/well in 200 µL RPMI complete medium with or without EXOs. After 72 h, the cells were harvested and stained with fluorescence-labeled B220 (or CD19) and CD4 antibodies to identify CFSE^-lo^, proliferating B220^+^ (or CD19^+^) B cells and CD4^+^ T cells by flow cytometry.

Immunohistochemistry and Electron Microscopy {#s9}
--------------------------------------------

Whole pancreas tissue was embedded in Cryo-OCT-compound (Sakura Finetek, Torrance, CA) and kept frozen at −80°C. After cryo-sectioning (8 µm in thickness), tissue slides were fixed in 4% formaldehyde. To stain the slides, tissue sections were first blocked with avidin followed by incubation with biotin to reduce background caused by endogenous biotin, biotin receptors, or avidin-binding sites in the tissues (Vector Laboratories, Burlingame, CA); and then the sections were incubated with biotin-conjugated primary antibodies overnight. After washing, tissue sections were incubated with streptavidin-horseradish peroxidase. A color reaction was developed using the standard ABC kit (Vector Laboratories), according to the instructions provided by the manufacturer. Tissue slides were counterstained with hematoxylin, which stains cell nuclei blue. Positively stained cells appeared red against a blue background. For electron microscopy, EXOs were fixed in 2% glutaraldehyde, washed and contrasted in 2% uranyl acetate, and embedded in a mixture of uranyl acetate (0.8%) and methyl cellulose (0.13%); and then were examined by Malcom Wood at the Microscopy Core Facility of the TSRI.

Flow Cytometry of EXOs {#s10}
----------------------

Isolated EXOs were analyzed by flow cytometry according to the protocol published by Qazi et al. ([@B25]) with small modifications. Briefly, EXOs in PBS (total 50 µg) were allowed to bind to 10 µL of 4 µm aldehyde latex beads (Invitrogen), precoated with anti-CD63. The coating was performed by incubating 10-µL beads with 5--10-µg CD63 antibody (BioLegend) overnight at 4**°**C followed by blocking with 100 mmol/L glycine for 30 min at room temperature. After washing, the coated beads were resuspended in 100-µL PBS. Unbound EXOs were removed by two washes with PBS via centrifugation. EXOs bound on the beads were detected with anti-mouse CD81-PE (BioLegend).

Measuring Serum EXOs by ELISA {#s11}
-----------------------------

Serum EXO concentration was measured using an ExoQuick kit (System Biosciences, Mountain View, CA) with some modifications. Briefly, 250-µL serum was incubated with 63-µL ExoQuick polymer solution for 30 min to precipitate EXOs. EXO pellets were lysed in 200-µL EXO-binding buffer, followed by centrifugation at 1,500*g* for 5 min. Then, 50-µL lysed supernatant was coated on Microtiter plates overnight at 37°C. After three washes, plates were incubated with anti-CD81 for 1 h, and then with a horseradish peroxidase--conjugated secondary antibody. Substrate 3,3′,5,5′-tetramethylbenzidine was used for color reaction. The optical density (OD) was read at 450 nm. The levels of CD81 protein in serum EXOs are shown as OD values.

In Vivo EXO Treatment and Adoptive BDC2.5 Cell Transfer {#s12}
-------------------------------------------------------

One-week-old NOD mice were treated with EXOs (2.5--5-µg in 50-µL PBS/mouse/injection) intraperitoneally three times 1 week apart. At the age of 4 weeks, the treated mice or untreated controls were killed, and total spleen cells were labeled with CFSE and stimulated in vitro with EXOs for 72 h to assess B-cell proliferation. Some mice (both treated and untreated) received CFSE-labeled Thy1.1^+^ BDC2.5 effector cells (2 × 10^6^/mouse) at the age of 4 weeks via intravenous injection. BDC2.5 effector cells were produced after 3-day culture of BDC2.5 transgenic splenocytes with 10 µg/mL mimotope, which has homology to a peptide of mouse glutamic acid decarboxylase (GAD) 65 kDa p526--541, but contains a single altered residue K534W (LSKVAPVI**W**ARMMEYG) that can activate BDC2.5 splenocytes to proliferate at a range of 1--10 µg/mL (Y.D.D., H. Sheng, I. Marrero, Y. Li, S. Hassanali, D.B. Wilson, and E.E. Sercarz, unpublished data). The recipient mice were killed at 7 days post-transfer to evaluate the proliferation of the donor cells.

Pancreatic Islet Histology and Scoring {#s13}
--------------------------------------

Paraffin-embedded mouse pancreata were sectioned (5 µm in thickness) and stained in the facility of Pacific Pathology (San Diego, CA). Tissue sections were stained with hematoxylin-eosin to examine lymphocyte infiltration. A total of 50--100 individual islets were examined by microscopy to calculate the different levels of islet infiltration. Scoring criteria for individual islets were 0, no infiltration; 1, \<20%; 2, 20--50%; and 3, \>50% of the islet area with lymphocyte infiltrated, and performed in a blinded manner.

Results {#s14}
=======

Detection of CD105^+^ Stromal or Stem Cells in the Islets of Langerhans {#s15}
-----------------------------------------------------------------------

To examine the islet stem cells by flow cytometry, single--islet cell preparation was performed. As shown in [Fig. 1*A*](#F1){ref-type="fig"}, islet CD105^+^ cell frequency within CD45^−^ nonhematopoietic cells was 16% in 8- to 10-week-old NOD mice; almost all islet CD45^−^CD105^+^ cells coexpressed a second MSC marker, Sca-1, confirming a stem cell phenotype of these CD105^+^ cells. By immunohistochemistry, we found that CD105^+^ cells locate at the surrounding periphery of normal islets but penetrate into the β-cell area as lymphocyte infiltration occurs ([Fig. 1*B*](#F1){ref-type="fig"}). Interestingly, they appear to lead the lymphocyte infiltration and are present in the area without lymphocytes. In comparison, CD31^+^ endothelial cells do not have a peri-islet distribution in normal islets; instead of leading to lymphocyte infiltration, they were apparently recruited/expanded in the area infiltrated by lymphocytes ([Fig. 1*B*](#F1){ref-type="fig"}). Thus, different types and/or differentiation stages of stem/stromal cells may be associated with lymphocyte entry, migration, or expansion.

![CD105^+^ cells in NOD islets. *A*: Single-cell suspension of handpicked islets was prepared from four to six NOD mice (8 weeks old) and was analyzed by flow cytometry. CD45^−^ stromal cells are shown at the *right*. *B*: Immunohistochemical staining for CD105 (*top*) and CD31 (*bottom*) in mouse pancreata isolated from 8-week-old NOD mice. Islets were grouped based on their levels of lymphocyte infiltration: normal, peri-insulitis, and insulitis. Data represent three to four independent experiments. SSC-H, side scatter height.](1008fig1){#F1}

In Vitro Cultured Islet Stem Cells Express MSC Markers {#s16}
------------------------------------------------------

To study the relationship of islet stem/stromal cells with lymphocytes, we successfully expanded islet fibroblast--like cells in vitro following a previously described method ([@B9]) by culturing isolated pancreatic islets in regular high-glucose complete DMEM. We observed that cells were released from the islets during the first week in culture and appeared in a small blast, which slowly formed large aggregates as the cells multiplied ([Fig. 2*A*](#F2){ref-type="fig"}). To confirm that cells were not derived or contaminated with insulin-producing β-cells, we used NOD.mip-GFP mice for islet isolation, in which a fluorescent GFP protein is introduced into β-cells under the control of mouse insulin I promoter ([@B26]). GFP^+^ β-cells could not proliferate in the culture condition and disappeared after two to three passages ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0859/-/DC1)). We next examined the cell surface molecules expressed on the cultured islet cells. After the second passage, cells were \>90% homogeneous, and expressed MSC markers CD105, Sca-1, CD90, and CD44, but were negative for endothelial cell markers CD31 and CD202b (data not shown) ([Fig. 2*B*](#F2){ref-type="fig"}). Though freshly isolated islet cells from adult NOD mice contain CD45^+^ cells, which are likely islet-infiltrating lymphocytes, only CD105^+^ stromal cells can grow, and there were no CD45^+^ cells present in the culture after two passages. Cells collected from P3-P10 passages, remained negative for CD45 and CD31, but positive for those MSC markers. We thus name these cultured cell populations iMSCs.

![In vitro culture and immunophenotyping of islet MSC-like cells. *A*: Islet stromal cells isolated from NOD mice (pooled from four to five mice) and cultured in vitro for different periods. *B*: After two to three passages, cells were trypsinized and analyzed by flow cytometry using CD105, Sca-1, CD31, CD44, CD90, CD45, and CD81 antibodies. Broken line is for isotype control, and shaded area represents positive marker expression. Data represent three (*A*) or five to six (*B*) independent experiments. Max, maximum.](1008fig2){#F2}

iMSCs Produce EXOs That Are Immunostimulatory {#s17}
---------------------------------------------

EXOs were collected from the culture supernatants of the iMSCs via ultracentrifugation. Electron microscopic observation showed that EXO particles were round, vesicle shaped with a size \<100 nm ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0859/-/DC1)). The expression of tetraspanins such as CD81 and other exosomal signature proteins such as heat shock proteins was detected by mass spectrometry, confirming that EXOs are the major microparticles released by the iMSC.

To test whether the EXOs are immunostimulatory, we incubated NOD spleen cells (8 weeks old) with EXOs in vitro and evaluated innate cytokine production as well as T-cell and B-cell activation. As shown in [Fig. 3*A*](#F3){ref-type="fig"}, EXOs stimulated spleen cells to release large amounts of IL-6, IFN-γ, tumor necrosis factor-α, and MCP-1. The percentage of major histocompatibility complex class II^+^CD86^+^ cells was increased twofold (data not shown), suggesting antigen-presenting cell (APC) activation. Similar to MIN6 insulinoma-released EXOs ([@B22]), iMSC-derived EXOs also required a myeloid differentiation factor 88--mediated innate pathway to induce cytokine production and APC activation (data not shown). Also, the innate response to these iMSC-derived EXOs did not require endosomal Toll-like receptors (TLRs) for cell activation since a *3d* mutation of Unc93b1 adaptor ([@B27]) did not affect the EXO-induced cytokine production. Thus, iMSC-EXOs also function via stimulating surface TLRs or other innate receptors. To examine the B-cell response, we performed a CFSE assay using splenocytes from 6- to 8-week-old NOD mice, as shown in [Fig. 3*B*](#F3){ref-type="fig"}, after EXO stimulation. CFSE^~~-~~lo^-proliferating B cells were increased by fivefold to sixfold compared with nonstimulated controls; whereas, B cells from young NOD mice (4--5 weeks old) or B6 mice (8--10 weeks old) failed to proliferate in response to the EXOs (data not shown). These results suggest that iMSC-derived EXOs are highly immunostimulatory, likely via binding TLRs, and may contain unique antigens stimulating autoreactive B cells.

![iMSC-derived EXOs are immunostimulatory. EXOs obtained from iMSCs were used to stimulate splenocytes (8 × 10^5^/200 µL/well) from 6- to 8-week-old NOD mice at 5 µg/mL concentration for 72 h. *A*: CBA assay was performed to determine cytokine and chemokine levels in the culture supernatants. *B*: B-cell proliferation was measured by CFSE dilution assay after EXO stimulation. The decreasing CFSE signal was recorded as dividing B cells after EXO stimulation. Averages of dividing B cells are shown on the *right* bar diagram. Data represent 10 mice per group in three experiments. The *P* value was calculated using the Student *t* test. TNF-α, tumor necrosis factor-α.](1008fig3){#F3}

EXO-Specific IFN-γ Responses Correlated With Increased Serum EXO Levels in Prediabetic NOD Mice {#s18}
-----------------------------------------------------------------------------------------------

We have previously shown that prediabetic NOD mice accumulate EXO-reactive IFN-γ--secreting T cells ([@B22]). Thus, measuring the IFN-γ response to EXOs may help to identify autoreactive T-helper type 1 (Th1) cells developed in these mice. To this end, we examined spleen cells from NOD mice at different ages. EXO-specific IFN-γ responses increased \>10-fold between 4 and 8 weeks of age ([Fig. 4*A*](#F4){ref-type="fig"}). Interestingly, this increase in EXO-reactive Th1 cells was accompanied by increased serum EXO levels; as shown in [Fig. 4*B*](#F4){ref-type="fig"}, serum EXO levels were low in all 4-week-old young mice, but increased over twofold in older prediabetic NOD mice (8 week old) and were maintained at a high level in 12-week-old mice ([Fig. 4*B*](#F4){ref-type="fig"}). In contrast, serum EXO levels in B6 mice at all ages were consistently lower than that in 4-week-old NOD mice (data not shown). These results indicate that serum EXO levels correlate with the induction of autoreactive Th1 cells.

![Correlation of EXO-induced IFN-γ secretion with serum EXO levels in prediabetic NOD mice. *A*: Splenocytes were isolated from NOD mice (three to four mice/group) at 4 and 8 weeks of age and stimulated for 72 h in vitro with iMSC-EXOs (5 µg/mL). Culture supernatants were tested for released IFN-γ using CBA assay. *B*: Serum EXOs were isolated by the ExoQuick kit. EXO concentration was determined by measuring CD81 protein by ELISA. Data show OD values for individual mice at different ages, with the horizontal line indicating mean values. Experiments were repeated four times (*A*) or three times (*B*) with similar results.](1008fig4){#F4}

EXOs Released by NOD iMSC Are More Effective in Inducing IFN-γ Production Than EXOs From B6-Derived iMSCs {#s19}
---------------------------------------------------------------------------------------------------------

To further dissect whether the EXO-specific IFN-γ responses in NOD mice are due to unique antigens expressed by the NOD-derived EXOs, we compared EXOs released by NOD- or B6-derived iMSCs. Both NOD and B6 iMSCs grow similarly in culture and express the same MSC markers. B6-derived EXOs expressed the exosomal signature protein CD81 to a level similar to that of NOD-derived EXOs ([Fig. 5*A*](#F5){ref-type="fig"}). Surprisingly, NOD EXOs induced a stronger IFN-γ response than B6 EXOs when cultured with splenocytes from prediabetic NOD mice ([Fig. 5*B*](#F5){ref-type="fig"}). The variation of IFN-γ response among individual NOD mice ranged from undetectable (\<10 pg/mL) to 1,500 pg/mL. We noticed that different EXO preparations from both NOD and B6 iMSCs varied in their ability to induce IFN-γ production from NOD spleen cells, which may explain the insignificant difference in [Fig. 5*B*](#F5){ref-type="fig"}. However, in all three independent experiments, the averages of IFN-γ induced by NOD EXOs were consistently higher than those induced by B6 EXOs. Thus, NOD EXOs may contain some unique and/or more Th1-stimulating antigens than those expressed by B6 EXOs.

![NOD-derived but not B6-derived EXOs are more effective in inducing IFN-γ production. *A*: EXOs isolated from cultured NOD and B6 iMSCs contain comparable levels of the CD81 molecule as detected by flow cytometry analysis of EXO-coated beads. *B*: Spleen cells from 6- to 8-week-old NOD mice were stimulated for 72 h with the NOD- or B6-derived EXOs, and IFN-γ levels were measured by CBA assay. Data show the concentration for individual mice, with horizontal line indicating mean values. The *P* value was calculated based on data from three independent experiments using the Student *t* test, where *P* \< 0.05 was considered significant.](1008fig5){#F5}

Immunization With EXOs Induced EXO-Specific Memory T and B Cells {#s20}
----------------------------------------------------------------

Because in vitro stimulation with iMSC EXOs can activate spontaneously developed autoreactive T and B cells in NOD mice, we next investigated whether EXO injections in young NOD mice (\<3 weeks old), before the onset of insulitis, could have any effects on the development of autoreactive T and B cells. Two weeks after the last EXO injection (at day 17 after birth), pancreatic lymph nodes (PanLNs) and inguinal lymph nodes (iLNs) were taken from EXO-treated or age-matched control mice (4--5 weeks old) and examined ex vivo for their cytokine secretion. We found that cells, including splenocytes from mice treated with either MIN6 or NOD EXOs, released a large number of cytokines and chemokines in culture even in the absence of any additional antigens, whereas cells from noninjected control mice were inactive ([Fig. 6*A*](#F6){ref-type="fig"}), suggesting an expansion of autoreactive memory cells in the treated mice at the age of 4--5 weeks. We next assessed the autoreactive memory T-cell and B-cell responses in the EXO-treated mice. By short-term (3 h) anti-CD3/28 stimulation, we detected a robust increase of IFN-γ --secreting memory Th1 cells in the EXO-injected mice (9% vs. 2%) compared with the control mice ([Fig. 6*B*](#F6){ref-type="fig"}). Without stimulation, but with culture for 48 h, splenocytes from EXO-treated mice released a 10- to 20-fold greater IFN-γ than cells from control mice ([Fig. 6*C*](#F6){ref-type="fig"}). Similar to this increased memory T-cell response, memory B cells were also induced in the EXO-injected mice as detected by increased B-cell proliferation in vitro after restimulation with EXOs ([Fig. 6*D*](#F6){ref-type="fig"}). This is consistent with our recent observation that splenic B cells from normal young NOD mice (4 weeks old) exhibited a marginal increase in proliferation after EXO stimulation compared with unstimulated splenocytes, but increased in number after early EXO immunization ([@B23]). Collectively, these data reveal a pathway to expand and/or modulate the autoreactive T and B cells in young NOD mice by injecting EXOs.

![EXO injections induce systemic inflammatory and/or autoimmune responses in young NOD mice. *A*: NOD mice (1 week old) were injected intraperitoneally three times (waiting for 7 days between injections) with either MIN6-EXOs or NOD-EXOs at 5 µg per animal per injection (2.5 µg for the first injection) or left untreated (Control). Cells were collected at the age of 4 weeks from PanLNs or iLNs and were cultured ex vivo for 72 h without EXO stimulation. Release of cytokines and chemokines was measured by CBA assay. *B*: Spleen cells from the control or treated mice were stimulated with anti-CD3/28 beads for 3 h in the presence of Brefeldin A (10 µg/mL), followed by CD4 and intracellular IFN-γ staining. *C*: Splenocytes from the 4-week-old treated or control mice (three mice per group) were cultured for 72 h without adding EXOs. IFN-γ concentration in the culture supernatants was determined by CBA assay. The experiment was repeated once with similar observations. *D*: CFSE-labeled splenocytes from the treated or control mice were stimulated with iMSC EXOs for 72 h. Proliferating B cells were identified as B220^+^/CFSE^~~-~~lo^. EXOinj, EXO-treated; TNF-α, tumor necrosis factor-α.](1008fig6){#F6}

EXO-Injected Young NOD Mice Are Highly Susceptible to BDC2.5 Effector Cell--Induced Early Insulitis {#s21}
---------------------------------------------------------------------------------------------------

To test whether EXO-treated young NOD mice (4 weeks old) were susceptible to the early development of insulitis, we adoptively transferred effector cells from Thy1.1^+^ BDC2.5 transgenic mice into 4-week-old NOD mice that were previously injected with EXOs three times within the first 3 weeks of their life. After 1 week of the transfer, we compared the division of donor BDC2.5 cells in PanLNs and the levels of insulitis in the recipient mice. As shown in [Fig. 7*A*](#F7){ref-type="fig"}, EXO-treated NOD mice had a twofold higher rate of dividing BDC2.5 cells (59% of donor cells) in the PanLNs compared with those in nontreated control recipients (32%). The division of BDC2.5 cells was fourfold to fivefold less in iLNs for both treated and control mice, suggesting that the EXO treatment promoted islet-specific expansion of the effector T cells in the PanLNs. Similar results were obtained when we cotransferred EXOs and BDC2.5 T cells into nontreated 4-week-old NOD female mice (data not shown). Thus, EXOs are sufficient to stimulate BDC2.5, likely via activating unique APCs in vivo. This observation is further supported by the enhanced insulitis in the EXO-treated mice compared with the nontreated control NOD mice after transferring BDC2.5 effector cells ([Fig. 7*B*](#F7){ref-type="fig"}); in fact, transferring 2 × 10^6^ BDC2.5 effector cells to 4-week-old untreated NOD mice did not cause insulitis in two of three recipients. Diabetes development in these EXO-treated mice with or without transferring BDC2.5 cells has not been evaluated.

![EXO-treated NOD mice are highly susceptible to early insulitis upon BDC2.5 cell transfer. *A*: EXO-treated 4-week-old NOD mice (similar to [Fig. 6](#F6){ref-type="fig"}) received BDC2.5 transgenic effector T cells (2 × 10^6^ cells/mouse) via intravenous route. BDC2.5 cells were prelabeled with CFSE. Cell division in both PanLN and iLN was measured 7 days after transfer by flow cytometry to gate on CD4^+^/Thy1.1^+^ donor cells for CFSE dilution. Experiments were repeated at least three times, and averages are shown on the right bar diagram. *B*: Insulitis levels after receiving BDC2.5 cells were scored in a blinded manner, and the data showed the percentages of islets within each level of lymphocyte infiltration for individual mice in control and EXO-treated NOD mice. EXOinj, EXO-treated.](1008fig7){#F7}

Discussion {#s22}
==========

MSCs are self-renewing, multipotent progenitors that can be isolated from various tissues. Bone marrow MSCs are the most extensively used in clinical trials because of their high plasticity. They are able to differentiate into bone, cartilage, fat, tendon, muscle, adipocytes, chondrocytes, or osteocytes ([@B28]). In addition to these tissue regeneration or repair functions, bone marrow MSCs are potent immunoregulatory cells that can delay the onset of T1D in mice ([@B29]). Islets of Langerhans contain various progenitor cells, including precursor cells for insulin-producing β-cells, which can restore normoglycemia in mice treated with streptozotocin ([@B30]), and endothelial progenitor cells, which are responsible for forming blood or lymphatic vessels under inflammatory situations. These types of stem or precursor cells can be found both inside and outside the islets ([@B31]). In this study, we found that cultured mouse islets release iMSCs that can grow for at least 20 passages and consistently express MSC surface markers. Immunohistochemical data from pancreata revealed that CD105^+^ cells have a particular peri-islet location in normal islets, but penetrate into the center of islets when lymphocyte infiltration starts at the peri-islet area, consistent with a possible role of these stem-like cells in triggering and spreading islet pathology. More importantly, these iMSCs released EXOs into culture supernatant. Consistent with our previous findings when studying immune responses to insulinoma-derived EXOs ([@B22]), these iMSC-derived EXOs were also highly immunostimulatory and could activate the autoreactive T and B cells spontaneously developed in prediabetic NOD mice. Collectively, these data suggest a possible causative role of the islet stem cells and their EXOs in triggering the islet-specific autoimmunity in the NOD mouse strain.

Under physiological stress situations such as islet development and β-cell damage, various intercellular mediators including proinflammatory factors can be released from islet stromal or β-cells, which can recruit phagocytes to clear the damaged β-cells and increase lymphocyte trafficking or infiltration in the islets. This initial inflammatory response may recruit and stimulate islet precursor cells or stem cells to release excess and/or abnormal EXOs to cause autoimmunity in susceptible individuals. Future studies are needed to clarify how iMSCs and their EXOs interact with different APC populations and activate pathogenic effector T cells in vivo. The conditions causing EXO release, the cell types and their hierarchy of being recruited to the islet, and the cellular sources of islet EXOs are key questions that remain to be addressed. We speculate that during β-cell apoptosis in the islet, which might be a spontaneous process ([@B32]) in the early developmental stage of life or triggered by islet inflammation ([@B33]), islet stem cells might be activated or recruited to repair the damage. Whether the stem cells can release any candidate autoantigens such as GAD65, proinsulin, or tyrosine phosphatase IA-2 via EXO secretion is unknown, although we have confirmed that GAD65 is expressed in MIN6-derived EXOs ([@B22]). It is possible that the expression of these autoantigens might be restricted to a certain differentiating stage of the stem cells and require an inflammatory environment.

Though naïve T cells can migrate to the islet, they cannot stay unless encountering APCs that are displaying specific antigens. More likely, priming of naïve T cells preferentially occurs in the pancreas-draining lymph nodes ([@B34]) after migration of activated APCs from tissue to draining lymph nodes. Lennon et al. ([@B35]) showed that GAD antigen expression in the islets is a prerequisite for the GAD-specific T cells to infiltrate the islets. Also, the inhibition of major histocompatibility complex class I transport in the β-cells impaired CD8^+^ T-cell infiltration to the islet ([@B36]). Thus, local expression of autoantigens is a necessity to initiate and/or sustain the insulitis. Conversely, other studies have demonstrated that immune cell migration to the islets could be a bystander process since transfer of BDC2.5 cells initiated recruitment of a diverse population of T cells that were not necessarily involved in islet β-cell destruction or diabetes development ([@B35]). This recruitment is not antigen-specific, and an inflammatory environment could be involved in such cell migration. Nevertheless, a hierarchy of individual diabetogenic clones clearly exists ([@B37]), which might be determined by the accessibility of their specific antigens and peptides to the T cells in the thymus and periphery or in the islet ([@B35]). Given the suggested possibility that only islet antigen--specific T cells are truly responsible for the destruction of insulin-producing β-cells ([@B38],[@B39]), the initial triggering events that cause the recruitment and activation of the specific autoreactive T cells remain unclear. Our findings indicate a potential triggering mechanism, via the iMSC-produced EXOs, which carry innate stimuli and may harbor unique antigens, and are sufficient to induce early inflammation and activate autoreactive T and B cells in the islets. Because major histocompatibility complex class II alleles have been demonstrated as the most important locus associated with the susceptibility to T1D ([@B40]), and DQ8 and I-A^g7^ have significant similarities in the binding to T-cell peptides of insulin and GAD65 ([@B41]), the likely mechanism of EXO-induced autoimmunity may involve the presentation of unique exosomal antigens to activate β-cell--reactive T cells, although it cannot be excluded that islet-specific EXOs may express β-cell antigens under stressed or inflammatory situations.

IFN-γ--secreting effector T cells reactive to target autoantigens appear in young NOD mice (3--4 weeks old), and increase in older prediabetic mice ([@B42]). A sequential activation of autoreactive T cells against candidate peptides of GAD, insulin, and heat shock protein ([@B43],[@B44]) has been suggested as a consequence of epitope spreading ([@B45]). Consistent with this increased frequency of Th1 cells in prediabetic NOD mice, we also observed increased immune responses to EXOs in these mice, as measured by the higher levels of IFN-γ secretion and B-cell expansion compared with younger or resistant mice. Earlier studies from our group found increased numbers of EXO-reactive T cells ([@B22]) and marginal zone--like B cells ([@B23]) in prediabetic NOD mice, but the EXOs were derived from the insulinoma cell line MIN6, which does contain candidate β-cell antigens, including GAD65 and insulin. In this current study, we found that the EXOs released by the cultured iMSC can also induce comparable levels of IFN-γ and B-cell expansion, but did not express these two autoantigens. The role of candidate autoantigens in the EXO-induced T-cell and B-cell responses remains to be determined. We also observed that MIN6 EXOs could reactivate memory autoreactive T and B cells collected from mice that were primed by the iMSC EXOs in vivo. This suggests that autoreactive T and B cells might recognize some common or cross-reactive exosomal antigens. Additional studies are required to understand whether and how these EXO-specific autoreactive T and B cells contribute to the disease.

Interestingly, EXOs isolated from diabetes-resistant B6 mice were not as potent as NOD EXOs in their ability to activate the autoreactive cells, particularly the IFN-γ--producing T cells. This means that though EXOs can be released from the cultured iMSCs of both NOD and B6 origins, NOD-derived cells intrinsically bear unique antigenic stimuli that are not expressed or are weakly expressed on B6 cells. It is important to mention herein that EXOs from NOD or B6 cells were able to induce comparable levels of innate immune responses (data not shown), which suggests that the strain difference might mainly affect the antigens that specifically stimulate adaptive immune responses. Expression of candidate autoantigens by EXOs could be one possible explanation, but we failed to detect insulin and GAD65 in both NOD and B6 iMSCs. It should be noted that the iMSCs underwent several passages in vitro, and some antigens may be lost and others upregulated during cell culture. Further, gene expression and proteomics analysis of noncultured islet stem/stromal cells are required to identify possible unique autoantigens that may be differentially expressed between NOD and B6 cells by islet MSCs and their EXOs.

EXOs could be useful disease biomarkers in biological fluids because protein and RNA contents may be unique to one cell type. Tumor-derived EXOs could be used as cancer diagnostic markers because they contain tumor-specific antigens and microRNA, and could be easily detected in blood plasma and urine ([@B46]). We found increased serum levels of EXOs in prediabetic NOD mice (8--10 weeks old), which dropped slightly in mice close to the age of diabetes onset (12--14 weeks old). The source of serum EXOs in NOD mice is unknown, and their contents might vary depending on the stage of disease progression. In addition to MSCs, dendritic cells ([@B11]), endothelial cells ([@B47]), and T and B cells can also produce EXOs ([@B48],[@B49]), but likely with different biological functions. We found that serum EXOs could stimulate NOD splenocytes to release innate inflammatory cytokines, although B-cell proliferation was insignificant in the CFSE-labeling assay (data not shown). Whether serum EXOs also contain autoantigens similar to MIN6- or iMSC-released EXOs remains to be studied. Nevertheless, serum EXO levels clearly reflect the chronological inflammatory response in the islets during the prediabetic stage (6--12 weeks old) in NOD mice. Although it is thought that islet inflammation may be initiated locally via abnormal EXO release, the ultimate effect of this autoimmune response is not restricted to the islets; the effect can be detected systemically in the prediabetic stage either due to a spread from the initial local inflammation or to some systemic genetic defects in the NOD strain. Possibly, this increase of serum EXO levels may further compromise the immune regulatory system and accelerate the local islet inflammation.

In summary, EXO-specific T and B cells in NOD mice are autoreactive immune cells that contribute to islet immunopathology. Islet-derived MSCs are a possible source of EXO production to initiate local autoimmune response. Thus, the results from this study may provide insights into the triggering events that could occur after abnormal stem cell activity and the release of highly immunostimulatory EXOs in this autoimmune-prone mouse strain.
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